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Nanofiber Mats from DNA, SWNTs, and Poly(ethylene oxide)
and Their Application in Glucose Biosensors
Yong Liu,a Jun Chen,a,*,z Nguyen Tuan Anh,b Chee O. Too,a Violeta Misoska,a
and Gordon G. Wallacea,*
aARC Centre of Excellence for Electromaterials Science, Intelligent Polymer Research Institute, University
of Wollongong, Wollongong, New South Wales, NSW 2522, Australia
bInstitute for Tropical Technology, Vietnamese Academy of Science and Technology, Cau Giay, Hanoi,
Vietnam
Ultrafine fibers with diameters ranging from 50 to 300 nm were prepared from DNA/single-walled carbon nanotubes SWNTs/
polyethylene oxide blended dispersion. Well-defined electrospun fibers were obtained by good control of key dispersion prop-
erties related to electrospinning, such as ionic conductivity, surface tension, and viscosity. Raman spectroscopy confirmed the
presence of SWNT in the resulting fibers, indicating good interaction between DNA and SWNT. The resulting fibers also exhibited
electroactive behavior and could be used as an immobilization matrix for a glucose oxidase enzyme biosensor. The sensor response
was linear up to 20 mM glucose with a sensitivity of 2.4 mA cm−2 M−1.
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Deoxyribonucleic acid DNA is a nucleic acid that contains the
genetic instructions specifying the biological development of all cel-
lular forms of life and many viruses. There has been much work
investigating techniques to prepare novel structures and/or devices
by the modification of DNA chains through the sequence-specific
pairing interactions.1 Applications of DNA-based polymers have
been investigated in many areas such as ionic liquid DNA,2,3
semiconductors,4 and nonlinear optics.5 Polyethylene oxide PEO
is known as a highly conductive polymer due to its ability to disso-
ciate salts into ions and stabilizing them with relatively large dipole
moment on its ether oxygens. PEO was previously reported as a host
polymer to improve processability and biocompatibility of solutions
of natural proteins and conducting polymers without the use of or-
ganic solvents,6-8 because it is known to be biocompatible.9 Nish-
imura et al. have reported that the ionic conductivity of DNA was
improved by introducing PEO onto DNA chains through a covalent
bond.10 To date, few studies have been published concerning elec-
trospinning DNA/PEO blends, especially from aqueous solution. We
have presented the synthesis of DNA/PEO ultrafine fibers from
aqueous solution as described elsewhere.11 The introduction of
single-walled carbon nanotubes SWNTs into the DNA/PEO elec-
trospun fibers gives rise to improvement in many properties, such as
mechanical and electrochemical.
SWNTs have proven attractive for a wide range of applications
due to their unique electronic, thermal, and mechanical properties.12
Significant progress has been made in the application of both single-
and multiwalled carbon nanotubes.13-15 The use of carbon nano-
tubes, especially SWNTs, as components of novel biomaterials has
also been realized.16-18 The combination of DNA with SWNTs has
been of interest due to the ability of the biomolecule to self-
assemble carbon nanotubes CNTs to form molecular-scale elec-
tronic systems.19,20 The noncovalent binding of DNA to the side-
walls of SWNTs has been reported by Zheng and co-workers.21
Zheng et al. have also dispersed CNTs into single-stranded
DNA.21-23
In our work, SWNTs were thoroughly dispersed in aqueous so-
lution after being wrapped by DNA. PEO was then covalently con-
jugated with DNA chains. Ultrafine fibers were prepared from DNA/
SWNT/PEO dispersions using an electrospinning technique.
Electrospinning, first reported by Formhals,24 provides a simple and
fast way for the production of nano/micro-scaled fibers with the use
of electrostatic forces. Polymer fibers are formed when electrostatic
repulsion between charged polymer molecules is greater than the
surface tension holding them together.25 The DNA/SWNT/PEO
blended fibers exhibited electroactive behaviors during electro-
chemical characterization and were employed as an immobilization
matrix for the construction of enzyme biosensors in the present
work.
Glucose oxidase GOx, the most popular oxidase enzyme, was
entrapped in DNA/SWNT/PEO electrospun fibers in this work. GOx
has been immobilized onto CNTs by electrodeposition within a con-
ductive polymer,26,27 through CNT-based screen-printed electrodes28
and CNT paper.29 GOx has been attached to CNTs through covalent
binding carbodiimide between amine groups of GOx and the car-
boxylic acid groups of chemically functionalized CNTs. In this re-
search work, DNA was utilized to facilitate dispersion and separa-
tion of CNTs19-21 and also increase the effective surface area in
contact between CNT coated electrodes and enzymes increased the
amount of immobilized enzyme. The resulting biosensor in our
work showed a wide linearity range and good sensitivity.
Experimental
Reagents and materials.— DNA-Na Mw 3,000,000, N%
15.5%, P% 7.96% was supplied by Nippon Chemical Feed Co.,
Ltd, Japan. SWNT was obtained from Carbon Nanotechnologies
CNI lot no. P0275. PEO Mw 300,000, glutaraldehyde, glucose
oxidase, and glucose were all purchased from Sigma-Aldrich.
Na2HPO4, NaH2PO4, NaCl, and KCl were from Asia Pacific Spe-
cialty. Glass slides were obtained from Delta Technologies, Limited.
All chemicals were used without further purification.
Dispersion preparation.— 4% w/w DNA was dissolved in
Milli-Q water by magnetic stirring over 60 min and heated at 90°C
for 30 min to break the double chains of DNA.21-23 0.3% w/w
SWNTs were then added into the DNA solution and sonicated for 60
min in a model 102C Branson Digital Sonifier at 30% power 150
W, 20 kHz, pulse: 2 s on/1 s off. Subsequently, 6% w/w, 8%
w/w, 10% w/w, and 12% w/w PEO were added into the dis-
persions and these were magnetically stirred overnight.
Electrospinning.— The electrospinning setup consisted of a
Gamma high-voltage power supply ES50P-10W/DAM, a 5 mL
glass syringe, and a PrecisionGlide 19 G needle 1.1 mm diameter.
The electrospinning was conducted at 15 cm tip-to-collector dis-
tance, 20 kV applied potential, and 100 L/min feed rate. Electro-
spun fibers were collected onto Pt-coated glass slides. Pt was sputter
coated onto glass slides for 10 min at 30 mA.
Characterization.— The conductivity of each solution was mea-
sured using a model 20 pH/conductivity meter Denver Instru-
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ments. The surface tension of solutions was determined using a
KSV contact angle analyzer goniometer, KSV Instruments, Ltd.,
and the viscosity of solutions was tested by a DV-II viscometer
Brookfield Engineering Laboratory, Inc.. The resulting mats’ mor-
phology was determined using a Leica Cambridge 440 stereoscan
scanning electron microscope SEM. The average diameter of the
electrospun fibers was measured from SEM micrographs by using
Video Pro 32 Leading Edge Pty., Ltd.. Samples were sputter
coated with gold prior to SEM imaging.
The presence of SWNTs in the composite fibers was confirmed
using a Raman JYHR800 at 632.8 nm.
A Princeton Applied Research 363 potentiostat/galvanostat was
used to measure the electrochemical properties of the fibers. Cyclic
voltammograms for DNA/SWNT/PEO nanofibers on Pt/glass slide
were obtained in 0.15 M NaCl/phosphate buffer solution PBS, con-
taining 0.2 M Na2HPO4 and 0.2 M NaH2PO4, pH 7.4 electrode
size 1  1 cm2. In all cases, a Ag/AgCl 3 M NaCl reference and
Pt mesh auxiliary were employed.
Enzyme biosensors based on DNA/SWNT/PEO electrospun
fibers.— DNA/SWNT/PEO electrospun fibers coated on the Pt/glass
slides were soaked in a glutaraldehyde solution 2.5% w/w in 0.4
M PBS, and 0.05 M KCl, pH 7.4 at 4°C overnight. The electrodes
were subsequently washed and soaked in a GOx solution 5 mg/mL
GOx in PBS, pH 7.4 at 4°C overnight. After a further washing, the
enzyme electrode was ready for use.
Using this enzyme electrode, amperometry30 was used to detect
glucose in solution. A constant anodic potential +0.5 V was ap-
plied to detect hydrogen peroxide produced in the enzyme reaction.
The current was monitored continuously until a steady-state value
was reached. The enzyme electrode was measured in 0.4 M PBS
pH 7.4 electrode size 1  1 cm2. Glucose was added gradually
5 mM each time into the working solution.
Results and Discussion
A number of solution properties, such as solution conductivity,
surface tension, and viscosity, have been shown to be key param-
eters in determining the morphology of electrospun mats.31 These
properties of the resulting DNA/SWNT/PEO dispersions are sum-
marized in Table I.
The production of nanofibers using electrospinning with 4%
w/w DNA/0.3% w/w SWNT dispersions with the addition of
PEO was successful. Continuous jets were observed during electro-
spinning, and nonwoven mats were collected on the Pt-coated glass
slides. SEMs Fig. 1a and b showed that beads were deposited
when the percentage of PEO in the dispersion was less than 10%
w/w. This may be attributed to the low viscosity and high conduc-
tivity of the dispersion Table I solutions 1 and 2. The low viscosity
results in small viscoelastic forces that are insufficient to counter the
higher coulombic forces and consequently, the charged jet broke up
into droplets as a result of surface tension.32 It is also known that if
a solution of high conductivity is used formation of beads during
electrospinning is observed.33 With the addition of PEO, ionic con-
ductivity decreased due to the decreased comparative concentration
of SWNTs. Concomitantly, a slight decrease in surface tension and a
dramatic increase in viscosity were observed with increasing con-
centration of PEO Table I. Formation of a small number of fibers
was observed when the concentration of PEO was increased to 10%
w/w Fig. 1c. However, larger beads were present. As shown in
Fig. 1d, a well-defined electrospun fibrillar network was obtained
when the PEO was added at 12% w/w. These well-interconnected,
ropelike bundles of fibers exhibited various degrees of porosity and
were quite uniform in diameter 50–300 nm. The average diameter
of SWNT/DNA/PEO electrospun fibers was estimated at 150 nm.
Raman spectroscopy.— Raman spectra of electrospun fibers ob-
tained from 4% w/w DNA/0.3% w/w SWNT/12% w/w PEO
dispersion were obtained Fig. 2 and 3. As shown in Fig. 2, three
bands were found in the Raman spectra of DNA/SWNT/PEO com-
posite fibers in the 1200−1600 cm−1 range that could be attributed
to the G-band of SWNTs: 1590 cm−1 from the graphitic sheets,
1561 cm−1 stretching mode of SWNTs, and 1308 cm−1 defects in
SWNTs.34,35 This confirms the presence of SWNTs in the electro-
spun fibers. There were also four bands observed in both spectra of
electrospun fibers and raw SWNTs in the 150−300 cm−1 range Fig.
3. These peaks originate from the radial breathing mode RBM of
SWNTs.34,35 The shifts observed in RBM peaks Fig. 3 indicate
interactions between DNA/PEO and SWNTs. Furthermore, the di-
ameter of a SWNT is inversely proportional to RBM frequency,34,36
according to
R = 224 cm
−1/d 1
where d represents the diameter of the tube in nanometers and R is
the RBM frequency. According to Eq. 1, the upshift in RBM fre-
Table I. Properties of aqueous dispersions containing
DNA/SWNT/PEO.
Solution
no.
PEO
%
DNA
%
SWNTs
%
Conductivity
S/cma
Surface
tension
mN/mb
Viscosity
mPa sc
1 6 4 0.3 68.6 67.28 563.2
2 8 4 0.3 65.3 66.18 1105.3
3 10 4 0.3 52.5 65.32 2537.6
4 12 4 0.3 41.8 64.99 9128.0
a Determined by a model 20 pH/conductivity meter Denver Instru-
ments.
b Determined by a KSV contact angle analyzer goniometer, KSV In-
struments, Ltd.
c Determined by a DV-II viscometer Brookfield Engineering Labora-
tory, Inc., shear rate using 20 s−1 for viscosity testing.
Figure 1. Color online SEM micrographs of the electrospun fibers from
4% w/w DNA/0.3% w/w SWNT dispersions with the addition of a 6%
w/w, b 8% w/w, c 10% w/w, and 12% w/w PEO at i low
resolution and ii high resolution.
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quency in the Raman spectra of electrospun fibers correlated with a
decrease in tube diameter, indicating that SWNTs were well dis-
persed in the DNA solution and interacted strongly with the DNA
molecules. Raman spectra were consistent across the electrospun
mats over the glass slide, suggesting that SWNTs were well dis-
persed through the composite fibers.
Cyclic voltammetry.— Cyclic voltammograms CVs were ob-
tained using mats spun onto the Pt/glass Fig. 4. The CV of elec-
trospun fibers before the adsorption of GOx was quite flat and ex-
hibited a similar rectangular shape Fig. 4a, indicating a highly
capacitive nature of fibers.37 The weak responses observed at 0.32 V
peak A and 0.18 V peak B, respectively, are probably due to a
trace of residual iron in the SWNTs used as a catalyst in the prepa-
ration of carbon nanotubes. Only minimal changes in peak currents
were observed during 20 potential cycles, indicating that the elec-
trospun fibers are quite electrochemically stable. The SWNT/DNA/
PEO electrode that was incubated overnight at 4°C in GOx solution
resulted in spontaneous adsorption of the enzyme onto the nanofi-
bers. After the immobilization of GOx onto electrospun fibers, a
clear oxidation peak was found at 0.45 V peak C, while a reduction
peak was observed at −0.5 V peak D Fig. 4b, as expected for the
electroactivity of GOx.29 This suggests that the GOx immobilized
on nanofibers still maintains its electrochemical properties, which
would play a key role in its further electrochemical performance.
Glucose biosensors.— GOx was entrapped in DNA/SWNT/PEO
electrospun fibers in this work. Responses of currents with increas-
ing glucose concentration were recorded. No oxidant current was
observed in DNA/SWNT/PEO fiber electrodes without GOx after
the addition of glucose Fig. 5a. A current response, however, was
found after the immobilization of GOx in electrospun fibers. The
current response of the fiber electrode with GOx to glucose was
recorded in Fig. 5b. These results proved that the current response
was due to the oxidation of hydrogen peroxide produced by the
oxidation of glucose by the enzyme rather than direct oxidation of
glucose on the electrode.
The calibration curve for the response of glucose at the GOx-
DNA/SWNT/PEO fiber electrode is shown in Fig. 6, which is linear
up to 20 mM glucose. The sensitivity of the biosensor is determined
by the slope of the calibration curve. This biosensor had a sensitivity
of 2.4 mA cm−2 M−1, compared with previous reported sensitivi-
ties in the 2−5 mA cm−2 M−1 range but that were for GOx-
conducting polymer biosensors.38 The reproducibility was evaluated
by measuring the GOx-DNA/SWNT/PEO fiber electrode prepared
on different days in the same solution. The variation between re-
sponse currents was found to be 0.6% at low concentrations and up
to 6.2% at the saturation concentration. The resulting biosensor ex-
hibits a wide linearity range, good sensitivity, and excellent repro-
ducibility, suggesting potential application in analyzing clinical
samples over a wide range of physiological conditions.
Conclusions
Ultrafine fibers with an average diameter of 150 nm were elec-
trospun from DNA/SWNT/PEO dispersions. Suitable solution prop-
erties for good electrospinning DNA/SWNT/PEO blends was deter-
mined. The successful introduction of SWNTs into DNA/PEO
Figure 2. Raman spectra obtained for a nanofibers electrospun from 4%
w/w DNA/0.3% w/w SWNT/12% w/w PEO and b SWNTs. Laser
excitation wavelength was 632.8 nm.
Figure 3. Radial breathing mode Raman spectra obtained for a nanofibers
electrospun from 4% w/w DNA/0.3% w/w SWNT/12% w/w PEO and
b SWNTs. Laser excitation wavelength was 632.8 nm.
Figure 4. CVs in 0.15 M NaCl/phosphate buffer solution pH 7.4 of 4%
w/w DNA/0.3% w/w SWNT/12% w/w PEO electrospun fibers a
without and b with incorporation of GOx scan rate = 50 mV s−1.
Figure 5. Typical current–time curves as a function of glucose concentra-
tion: 1–7 represents the successive injection of 0, 5, 10 15, 20, 25, and 30
mM glucose into phosphate buffer solution 0.4 M, pH 7.4. Electrode: a
4% w/w DNA/0.3% w/w SWNT/12% w/w PEO electrospun fibers in
the absence of GOx and b 4% w/w DNA/0.3% w/w SWNT/12%
w/w PEO electrospun fibers with immobilized GOx. Constant potential:
+0.5 V vs Ag/AgCl 3 M NaCl.
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composite fibers was confirmed by Raman spectroscopy. Raman
spectra also indicated a good dispersion of SWNTs throughout the
electrospun fibers. DNA/SWNT/PEO electrospun fibers exhibited
electroactive behaviors during electrochemical characterization, in-
dicating improved electrochemical properties with the addition of
SWNTs. Glucose oxidase was immobilized in DNA/SWNT/PEO fi-
bers and a current response was observed with the addition of glu-
cose. The biosensor showed a broad linearity range and high sensi-
tivity.
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